One of the most fundamental properties of the Sun is its rate of rotation. Kinetic energy of large-scale circulation might interact with rotation and cause the surface rate to vary throughout the solar cycle. The solar wind carries off angular momentum from the Sun, and the coupling between the outer and inner parts of the heliosphere might produce effects that are evident in the photosphere and chromosphere. The quadrapole moment of Sun's gravitational potential depends on the rotation rate. The interaction between rotation, convection, and solar magnetic fields forms the solar dynamo which governs the solar cycle of activity. Although the rate of solar rotation has been measured for decades, several key questions remain: What is the rotation rate, and what is the uncertainty in this value? Does the rotation rate depend on the solar cycle? Can the gradient of rotation rate as a function of distance from the solar center be detected within the solar atmosphere? The synoptic program of solar observations carried out at the 150 foot tower of the Mount Wilson Observatory has long been a source of measurements which address these questions. Improvements in the facilities of this program over the past decade have led to a reduction in the errors of measurement which now permit a new examination of these questions. Key improvements were: 12/81-installation of a fiber-optic image reformattor to select the spectral sampling of the absorption lines; 2/86 -multiple daily observations were begun; 12/87-the Cr II line at 5237.3 was added to the regular program of observation; 9/90 -the grating mount and alignment system were replaced; 7/91-the polarization analysis optics were placed in a new alignment box and index matching fluid was introduced around the KDP variable retarder; 11/95-antireflection optics were installed for the KDP end windows to reduce interference fringes. Each of these changes resulted in a noticeable reduction in the rms error in the measured rotation rate which is now at the level of 7 m s Ϫ1 . Within this error we find that there is no solar cycle variation in the rotation rate and the rate is the same for both 5250 and 5237. We find that the synodic rotation rate is 2.84 H 0.01 rad s Ϫ1 . This value agrees well with most recent determinations.
INTRODUCTION

Questions Addressed
This paper reports on high precision solar rotation rate measurements that have been obtained with the Mount Wilson 150 foot solar tower telescope system. A variety of changes to this system between 1981 and the present time have resulted in a reduction in the systematic errors of measurement of the solar rotation. The magnitude of our improvement can be estimated by comparing our results below, which show that the temporal variations in the synodic rotation rate are of order 0.03 rad s Ϫ1 or less, whereas Howard (1984) illustrated changes of 0.2 rad s Ϫ1 in his Figure 1 . We now believe systematic changes in optical alignment produced the changes reported by Howard (1984) . There are a variety of reasons why increased precision and reliability in the measurement of the solar rotation rate is of value:
1. Rotation is one of the most fundamental properties of the Sun. The angular momentum and kinetic energy associated with rotation interact through poorly understood mechanisms with thermal convection in the Sun's envelope to produce the solar dynamo. Since rotation represents the largest scale for organized motion, it is important to determine if the dynamo process involves changes in the overall surface rotation rate, i.e., does the overall rotation rate depend on the phase of the solar cycle?
2. The angular momentum in the Sun today is most likely the remnant of a high angular momentum state which characterized the Sun at the time of its formation. Angular momentum continues to be shed through the solar wind, leading to the possibility that within the solar atmosphere there could be a shear layer. In addition, helioseismology shows that the equatorial rotation rate decreases outward through the upper convection zone (Korzennik et al. 1995) . With enough precision this gradient might be detectable in the solar photosphere.
3. Most of the new systems of observing solar velocities, such as the GONG project (Leibacher et al. 1995 ) and the MDI instrument on SOHO (Scherrer et al. 1995) , utilize filtered images of the solar surface where the filter system is tuned to different wavelengths and the velocity is calculated from combinations of the spatially resolved intensity maps. Such systems can be very difficult to calibrate over the largest spatial scales, and the solar rotation provides an important point of contact with previous observations. The spectroscopic method used by the Mount Wilson 150 foot tower system should be very reliable when all parts of the optical system are well controlled. Only a small part of the solar surface is admitted to the spectrograph minimizing the effects of scattered light. The effects of scattered light that do influence the velocity measurement are restricted to those produced by the optics ahead of the entrance slit and the Earth's atmosphere. The scattering function is variable due to atmospheric conditions and the cleaning/deterioration cycle of the optics. This variation is monitored through an average of the light levels off the solar disk a distance of 1Ј-3Ј.
In addition to the instrument improvements, we have modified our observing and data reduction strategies to improve the quality of the rotation determination. The velocity is measured using a moveable stage which carries the optics that select small portions of the solar spectrum and sample the blue and red wings of the spectral lines at nearly equal intensities. In the limit of exactly equal intensity the slope of the line profile would not enter the velocity determination. In practice the servo system permits the positioning of the fiber-optic entrance to lag the point of equal intensity, and the slope of the line does enter the velocity determination as a correction. We now include in this correction the dependence of the slope on center-to-limb angle. Compared to the filtered image approach, our method suffers from its inability to measure velocities over the full disk at a single moment of time; our image is built up by scanning the solar surface-a process that requires either 30 or 50 minutes. Consequently, in the study of large-scale flows we cannot filter out the velocities from the 5 minute oscillations as effectively as modern helioseismology systems. The multiple scan program begun in 1986 addresses this problem by increasing the number of measurements available. Since the 5 minute oscillations are undersampled temporally, their velocity appears random and their influence on the derived large-scale flows, including rotation, decreases as the inverse square root of the number of observations. A further advantage of the multiple observations is the information they provide on various diurnal effects such as an air mass dependence.
A full review of the results obtained by spectroscopic techniques as well as other methods for the determination of the solar rotation rate is omitted here for conciseness, but examples include the excellent publication by Schröter (1985) . Three important aspects about the Sun's rotation problem have not yet been investigated with enough accuracy to establish a conclusive answer. First, spectroscopic measurements have led to a rotation rate of 2.84 H 0.01 rad s Ϫ1 . In contrast, the displacement of magnetic tracers leads to a significantly higher value near 2.90 rad s Ϫ1 with some variation depending on the choice of tracer. The cause for this discrepancy has not been identified, although it is suspected that the magnetic tracers are anchored more deeply than the photosphere and their translation reflects a near-surface rotation gradient that is positive inward. Second, several attempts to measure a height dependence of the rotation rate have produced controversial results (Livingston 1969a (Livingston , 1969b Gasanalizade 1980; Balthasar 1983 Balthasar , 1984 Pierce & Lopresto 1984) , and the problem remains essentially unsolved. Third, several studies have attempted to find a relationship between the rotation rate and the solar cycle activity. Most of these analyses have used magnetic tracers as the indicator of the rotation rate. Although no conclusive result has been reached, there are indications that the Sun rotates faster (10.7%) during the minimum of activity (e. g., Howard 1984; Balthasar, Vázquez, & Wöhl 1986) . Unfortunately, as pointed out by Schröter (1985) , the change in the average latitude of the magnetic features through the cycle produces uneven precision in the rotation measurement at any particular latitude. Consequently, this technique can easily lead to apparent cycle dependent variations. Very recently Komm (1995) has applied the Hurst analysis to the daily Mount Wilson Doppler measurements from 1967 to 1992 and found a response of the rotation rate to the 11 year cycle. However, this analysis gives no information whether the Sun rotates faster or slower during its phases of maximum or minimum activity.
The Mount Wil son Observations and Reductions
The daily Mount Wilson Doppler measurements provide an important source of information for the study of the solar rotation and its time dependence. In this Letter, we describe the results from the reduction of the data acquired over the last 6 years. The period under study is long enough to cover a significant portion of the solar cycle number 22 and allow us to investigate for possible dependences. Moreover, the replacement of the grating box as well as a new alignment of the whole optical/slit system, late 1990, reduced instrumentally induced variations on our rotation measurements. A thermal monitoring and heating system was also installed at this time to ensure that the spectrograph pit remains thermally stable against convection. Since 1987 December, the Mount Wilson Observatory synoptic program includes measurements of Doppler shifts of the Cr II 5237.3 line in addition to the standard Fe I 5250.2. Line shifts for both lines are simultanously acquired by using two different fiber optic image reformatters, which are described in Ulrich et al. (1991) .
The discussion of solar rotation rate variations requires a careful separation of spatial and temporal components. In order to isolate the largest spatial scale features and prevent local effects from being misidentified as a global variation, we have adopted a procedure in which all fitting coefficients except one are evaluated from data obtained prior to 1986. The one time variable coefficient is the nominal solar equatorial rotation rate. Any change in this coefficient implies a change in the Sun's rotation rate over the entire visible disk. The spatial part of the rotation solution includes both the differential rotation coefficients and other spatially dependent factors not described by this polynomial function which have been derived from the earlier data. This procedure prevents any localized features such as might appear at the solar equator late in the solar cycle from altering the quantity that we report as the equatorial rotation rate. A change in our rotation rate implies a uniform speed-up or slow-down of the whole solar surface. The localized rotation rate variations appear in a separate diagram which shows the torsional oscillations (Ulrich 1993) . The method of LaBonte & Howard (1982) , which used the slopes of velocity versus position along strips parallel to the solar equator, could be reduced to something similar to our method by considering the time dependence of the average of all the slopes. The precise relationship is complicated due to the different weights applied to the different parts of the solar surface, and we have not investigated this relationship in detail.
Our reduction takes into account the systematic factors which influence the Doppler rotational velocities such as the scattered light. After these corrections we find no variation of the solar rotation rate connected with the solar cycle of activity. Moreover, a comparison between the results obtained from the two spectral lines under study shows that the Sun's rotation is constant within the low-middle photosphere, with no gradient larger than 10.2%. Finally, by taking the average of the data for the full period, a value of 2.84 H 0.01 rad s Ϫ1 for the solar rotational velocity is found from both the lines.
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DATA ANALYSIS
A description of the Mount Wilson observing system and the reduction procedures used to determine the solar rotation rate have been provided in several previous papers and will be not repeated here (see the paper by Ulrich et al. 1988 Livingston & Wallace 1985) . This conclusion is supported by the correlation we find when 5250 rotation rate values are plotted as a function of the air mass parameter 1/cos ( z), where z is the zenith distance of the Sun. Observations made within hour angle range of H2 hr are not sensitive to this effect and are the only ones included in our analysis. It is important to note that this effect is not present in the 5237 dataset, which has not been reported to be influenced by any telluric feature.
Scattered light introduces the most substantial modification of the observed rotation rate. In order to remove this source of error from the data, we correlate the rotation rate with the measured scattered light for the two spectral lines separately. It is important to emphasize again that the scattered light is measured as part of each observation from the intensity off the solar disk. This same scattered light on the solar disk reduces the apparent rate of rotation by bringing the apparent position of the solar lines closer to that of disk center. The scattered light depends both on the state of the atmosphere above the observatory and on the condition of the optics. While the atmospheric scattering generally does not have any systematic time dependence, the optics do undergo a regular cycle of degradation and improvement as the mirrors and lenses are subject to weathering and then are realuminized. Atmospheric scattering appears different during the period in 1993 when the volcanic particles from the Mount Pinatubo eruption provided a major part of the scattering.
The approach to correct our measurements for such effect is the same as used by Ulrich et al. (1988) . In short, the rotation rate values have been binned with respect to the scattered light variable. In this work, a 0.1% scattered light bin wide is used. The correlation between rotation rate and scattered light for both the spectral lines can be represented by the following linear relationships:
where ␣ is the rotation rate (in rad s
Ϫ1
) and S L the intensity scattered light (%). In both cases the correlation coefficient is as high as 0.95. These two relationships were then used to correct each single observation for the effect of scattered light. This is done by simply adding to each single observation the quantity aS L , where the coefficient a is equal to 0.025 and 0.028 for 5250 and 5237, respectively. After the correction for scattered light effect was applied, a residual annual variation (which amplitude is 10.008 rad s
) was removed by fitting a sine wave to the data. We have been unable to identify the cause for this variation, which is more evident in the 5237 data set. The corrected rotation rates for each line are shown in Figure 1. 
RESULTS AND DISCUSSION
The period covered by our measurements includes a significant portion of the solar cycle number 22 extending from near maximum to minimum. Hence, any possible dependence of solar rotation rate from the solar cycle should be present in our data. The corrected rotational velocities shown in Figure  1 clearly indicate that the Sun's rotation is not affected by the 11 yr solar cycle of activity. It is important to note that this result has been obtained by using two spectral lines with different magnetic sensitivity. In our reduction procedure we have carefully taken into account all the possible sources of systematic errors, as described by LaBonte & Howard (1981) . For each spectral line, the distribution of the rotation rate measurements shown in Figure 1 is well described by a Gaussian function. This result indicates that no residual systematic errors are present in our data. Moreover, the center of the distribution corresponds to a rotation rate value of 2.84 rad s Ϫ1 with 1 of about 0.01 rad s Ϫ1 for both the spectral lines. A direct calculation of the average from the measurements shown in Figure 1 gives the same result.
The derived rotation rate values from the two lines indicate that at least within the low-middle photosphere, the region of the solar atmosphere that most contributes to the formation of the two lines, the rotation of the Sun is constant at least for No. 1, 1996 SOLAR ROTATION MEASUREMENTS 1990 -1995 variations above a level of 0.01 rad s Ϫ1 (17 m s
Ϫ1
). This result is emphasized in Figure 2 , where the weekly averages of both 5250 and 5237 rotation rate measurements are plotted. In order to search for possible timescale variations of the rotation rate shorter than 11 yr, we applied the standard Fourier analysis to our weekly data set. Recent results by Komm (1995) seem to indicate persistent modulations of the rotation rate for timescales from 20 days to 11 yr. When analyzed over the entire period from 1991 to late 1995, we do not find evidence for such temporal variations of the Sun's rotation in our data. However, when the sequence for 5237 is examined in isolation, there appears to be a tight subsequence beginning in mid-1993 for which most successive weekly averages change smoothly and for which there are peak-to-peak variations evident at the 0.02 rad s Ϫ1 level. Poor weather produces the evident large variations each year from December to March. In order to provide an indication of the limits on long-term trends in the rotation rate, we provide in Table 1 a list of the annual averages of the rates for the two lines. These averages omit the data from the winter months of December to April. The changes permitted over this interval are less than 0.3%, a factor of 3 less than previously reported changes (Scherrer, Wilcox, & Svalgaard 1980) . This improvement comes from two factors: (1) We have improved the stability of the spectrograph through a redesigned spectrograph mount and thermal management of the spectrograph pit, and (2) we make approximately 15 times more observations per year than before. Although the changes from one year to the next according to Table 1 are statistically significant, there have been some systematic changes which could influence this quantity and we do not presently believe these represent true changes in the state of the Sun's envelope. The comparison between the results for 5250 and 5237 emphasizes the possibilities for systematic effects. Within each year, the two lines track each other very well for 1995 but show somewhat irregular correlations for earlier years. We are optimistic that our future performance will be like 1995 in part because a new grating with higher spectral resolution was installed and adjusted late in 1994 and because of the elimination of optical fringes in the polarization analyzer through the use beginning in 1995 of end-windows on the KDP, which have an antireflection coating.
In conclusion, the analysis of a reasonable long period of solar rotation measurements performed at Mount Wilson, characterized by very low instrumental noise, indicates that the Sun's rotation appear not to be connected with the activity cycle. Furthermore, the results carried out from a low photospheric line (Cr II 5237.3) and a middle-photospheric one (Fe I 5250.2) show no variations on the Sun's rotation profile within these layers of the solar atmosphere. The final rotation rate we obtain of 2.84 H 0.01 rad s Ϫ1 , is in agreement with the previous determination from the Mount Wilson system (e.g., Ulrich et al. 1988 ), but remains 2% slower than the sunspot rate. Thus, our result leaves the problem of the discrepancy between the sunspot and Doppler rates unresolved.
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